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SECTION I
INTRODUCTION

1. NEED FOR POWERED ENGINE ACOUSTIC STUDIES

Interest in engine acoustic's research has been stimulated through
increased concern to reduce combustion related noise from the exhaust
system of an internal combustion engine. The impetus for this particular
project stemmed from the often expressed need to understand the engine
as an acoustic source. In particular, identification of the engine's
exhaust port acoustic characteristic of source impedance would contribute
significantly towards meeting this increasingly more important need.

The main emphasis in this study was placed on further definition

of an engine model for interpreting source impedance. Source impedance,
rather than source strength, was modeled because the transfer phenomena
of acoustic energy from the engine to the exhaust system was considered
to depend primarily on the relative values of the engine source impedance
and impedance of the exhaust system (Reference 2). In the engine model-
ing effort, interpretation of the engine's valve positions and cylinder
volume time histories were important considerations.

The modeled source impedance of an active internal combustion
engine, if available, could be analytically investigated in conjunction
with known passive acoustic impedance of modeled muffler systems toward
improved definition of attenuation efficiency for an engine's exhaust
system. This project's technique for developing a model for engine
source impedance utilized an experimental acoustic impedance measurement
facility along with some analytical and ccmputer disclosements. The
experimental facility for this project was developed to permit measure-
ment of acoustic source impedance for a powered engine, i.e., an engine
operating under its own combustion power. This required provisions to
account for the effects of hot exhaust gas and an appreciable velocity

head as a direct result of the incurred products of the engine's combus-
tions process.
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2. PREVIOUS APPROACHES TO ACOUSTIC IMPEDANCE EVALUATION
a. Approaches Before Digital Signal Analysis

An example of earlier experimental investigations of engine acoustics
ts the reported work by Alfredson and Davies (Reference 1) where the
acoustic radiation impedance from an engine's exhaust system was evalu-
ated using the tailpipe as the impedance tube and the engine noise as an
acoustic source. Their investigation included such considerations as
mean gas flow, the temperature gradient along the exhaust system, and
boundary conditions at the termination of the exhaust system's tailpipe.
Their results concluded among other findings that the mean flow produced
by the engine's exhaust had a considerable effect on the radiation
impedance for the tailpipe. This work is also informative concerning
the complexities associated with conducting an experimental investigation
of engine acoustics.

A theoretical formulation toward determination of acoustic impedance

for an engine has been proposed by Kathuriya and Munjal {(Reference 3).
This formulation has been developed to include consideration of the
effects of mean exhaust gas flow. The related experimental approach
suggested by Kathuriya and Munjal's analytical development involved
utilization of an impedance tube. Standing waves can develop in the
impedance tube even with mean flow. However, the theoretical analysis

of standing waves suggested by Kathuriya and Munjal was difficult to
duplicate in the laboratory with an experimental facility. Several
disadvantages inherent within the method of standing wave analysis are:

a) Discrete frequency excitation in the impedance tube by an
external source yields a time consuming evaluation for broad-
band frequency assessment.

b) The traversing acoustic pressure sensor position must be
accurately detected to resolve the magnitude and phase com-
plements of the investigated acoustic properties. This
becomes increasingly difficult at higher frequencies due to
smaller wavelengths (e.g., + .03 in. @ 6000 hz).

e e e e < e 5
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c¢) Measurements must be made within a relatively long impedance
tube along which acoustic energy dissipation does occur at
the side walls. Therefore, any signal generated within the
tube is attenuated, particularly at higher frequencies.

d) The microphone or pressure transducer must be moved more than
a half wavelength at each frequency to record the acoustic
pressure maxima and minima values. This requires a very long
and cumbersome probe system particularly for the lower fre-
quency measurements.

e) The required probe creates an acoustic discontinuity along
the 1ength of the impedance tube.

Most methods of acoustic impedance evaluation developed during the

early stages of engine acoustic analysis utilized discrete frequency *
excitation. As previously indicated impedance evaluation was a time
consuming endeavor when a broadband frequency analysis was desired.

A method developed by Singh and Katra (Reference 11) utilized an
acoustic impulse method. This method eliminated the problem of a
time consuming analysis inherent in acoustic evaluation with discrete
frequency excitation. However, producing an acoustic pulse with
sufficient acoustic energy, particularly with high frequency content, j
is difficult. There were additional problems reportedly with signal
attenuation and transients due to underdamped driver systems. The
combination of these problems make it impractical to use impulse
testing.

b. Approaches Since Digital Signal Analvsis

Recent methods of evaluating acoustic impedance have incorporated
a digital signal analyzer which uses the input from two stationary
wall-mounted acoustic sensors to give amplitude and phase information ﬁ
of the acoustic signal. Seybert and Ross (Reference 6) were one of

the first to implement the digital signal analyzer in acoustic impedance
analysis. Seybert and Ross utilized an auto- and cross-spectral analysis
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included in a mathematical formulation to yield the special acoustic
impedance and reflection coefficient at the termination of an impedance
tube. However, the analysis and mathematics involved limited the
applicability of this method more to research experimentation rather
than to laboratory engine testing. The digital signal analyzer approach
was considered by Blaser and Chung (Reference 10) who utilized a
transfer-function method which provides a direct readout of quantities
such as transmission loss, reflection coefficient, and acoustic
impedance. The method proposed by Blaser and Chung eliminates much

of the spectral computation involved in Seybert and Ross' technique.

3. FORMULATED APPROACH TOWARD POWERED ENGINE ACOUSTIC IMPEDANCE
EVALUATION

a. Experimental Assessment of Engine Impedance

Utilizing Blaser's and Chung's work as a basis for experimental
development, the first efforts were focused on application of their
experimental endeavors to powered engine acoustic evaluation. Several
modifications had to be made in the experimental facility so the elevated
temperatures caused by the engine's exhaust would have no adverse effects
on any measurements or measurement instrumentation. Such auxiliary
facilities as water-cooling systems for the acoustic pressure sensors
and a horn driver unit had to be built. A heat retardant anechoic
tailpipe termination and an adjustable pressure sensor, hermetically
sealed to the impedance tube were also newly applied experimental
developments.

This measurement facility has the potential of measuring several
acoustic characteristics, such as transmission Toss. But its use
centered about defining acoustic source impedance. The integral part
of this measurement system is the digital signal analyzer which performs
the acoustic analysis on the acoustic signal and by way of transfer
functions defines the acoustic source impedance. An additional consid-
eration towards this measurement technique identifies the acoustic
impedance evaluated as the measured impedance at the acoustic sensors
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and not the impedance of the engine. Consequently, some mathematics are
involved to interpret the source impedance at the engine and to qualify
the measured impedance.

Initial engine tests utilized the engine as a passive system by
completing acoustic impedance analysis at varying engine crankangles.
Further acoustic impedance testing included motoring the engine with
a starting motor and completing impedance analysis at various motored
engine speeds. Engine testing climaxed with efforts to perform acoustic
impedance evaluation.

b. Analytical Modeling of Engine Impedance

Initial investigation of engine crankangle acoustic impedance
studies and those acoustic impedance evaluations of standard passive
system (open and close ended impedance tube) led to a conceptualized
model for engine acoustic impedance. The model consisted of passive
systems where the dimensions of these passive systems were dictated

i by the engine's internal geometry. It was the hypothesis of this

; model that the engine, as it completes each thermodynamic cycle, also
cycles through several passive acoustic systems. For example, when the
engine is stopped at a crankangle identified at 180 degrees from top
dead center, the exhaust valve is opened and the engine is expected to
acoustically resemble a volume resonator. That is, the exhaust valve
is opened and the piston is at its lowest position in the cylinder, so
that the volume resonator would be the vacated cylinder. The analytical
modeling of the engine was acoustically achieved by mathematically
determining the impedance characteristics of the passive systems in the
model. Further, fundamental idealizations were involved which defined
the passive system impedance as a terminating impedance and associated
this impedance at the acoustic pressure sensors with the measured
impedance. These theoretical cases were necessary to simulate the
experimental case more accurately. The entire theoretical analysis was

summarized into a computer program which would simulate the engine's
acoustic impedance characteristics.
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¢. Agreement Between Analytical and Experimental Defined
Impedances

The first comparisons between analytically and experimentally
attained impedance characteristics were of standard passive systems.
Good agreement was shown between experimental and analytical results.
Also, several responses in the experimental impedance characteristics
could be predicted by changing particular theoretical variables, thereby
learning how the physical dimensions of the passive acoustic system
affects its impedance characteristics.

The experimental studies of motored engine and powered engine

source impedance evaluation were less conclusive. Several trends
developed within these experimental results were sporadic until com-
pared with the analytical results. The flexibility within the computer
simulated model assisted in identifying the variability of the experi-
mentally attained source impedance. The usefulness of the computer

model was further affirmed in the identification of the basic cyclic
behavior of acoustic impedance characteristics for the internal combustion

engine evaluated. i
This application of computer modeling efforts could be extended
further to encompass the combined engine/muffler exhaust system. By
modeling the engine accurately along with the muffler acoustic char- ’
acteristics, one could possibly predict the insertion loss for an
l engine/exhaust system. The design of better mufflers was not a 1

consideration in this work.
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SECTION I1I
EXPERIMENTAL DEVELOPMENT

1. TEST ENGINE SELECTION AND OPERATIONAL DEVELOPMENT

Towards the pursuit of identifying certain acoustic characteristics
of an internal combustion engine, it was necessary to select an engine
for experimentation. On the basis of its simpler construction and
operation, a single cylinder Tucumseh, Model HH-120, engine was used
for powered engine experimentation (Figure 1). The engine was a 12
horsepower, 3600 rpm, 28 cubic inch displacement engine with a compres-
sion ratio of 6. Some additional engine specifications of importance
to this project were:

Piston Stroke: 2.8 inches
Cylinder Bore: 3.5 inches
Internal Manifold Length: 1 inch (approximate)

Internal Manifold Diameter: 2-1/4 inches (approximate)

This information was used to develop dimensions for the acoustic
passive systems that were conceptualized to simulate various engine
internal geometries, i.e., manifold and cylinder volumes during engine
operation.

The concept or acoustic passive system engine simulation is
identified in the engine internal cyclic geometry changes which occur
during one thermodynamic cycle. Within the thermodynamic cycle, for
example, when the engine begins its power stroke, the exhaust valve
was closed. The engine then physically resembles a close ended tube
with the length of the manifold volume being the length of the closed
tube. The exhaust valve, by the way of the exhaust manifold, is the
only connection to the engine's internal piston cavity acoustic phenomena.
Consequently, it is essential that the exhaust valve's open/close
operation be known so that the entire physical resemblance of the engine
{s known, i.e., with regards to an acoustic passive system complement.

=




AFWAL-TR-80-4203

Figure 1. Test Facility for Powered Engine Experimentation
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The exhaust and intake valve positions are monitored by way of
crankangle identification in correlation with the thermodynamic cycle
of the engine (Table 1).

Table 1
EXHAUST AND INTAKE VALVE POSITION WITH ENGINE CRACKANGLE

Crankangle Position
(Angular Degrees from Exhaust Valve Intake Valve
Top Dead Center) Position Position
0° - 110° Closed Closed
110° - 360° Open Closed
360° - 400° Open Open
400° - 540° Closed Open
540° - 720° Closed . Open

Particular interest occurs when the exhaust valve is open, i.e.,
110° through 400°. It is for these crankangles that the acoustic source
(i.e., the engine) is most geometrically active. The schematic shown in
Figure 2 identifies the thermodynamic cycle, piston position, exhaust
valve position, intake valve position and analogous passive acoustic
system, all as a function of the engine's crankangle. The schematic
also includes a column titled "Description” which provides justification
for the choice of the passive system.

a. Motored Engine Operation

To eliminate some of the complexities of the engine's acoustic
output contributed by the combustion process, the engine was connected
to a starting motor unit so that the engine could be motored. Motored
engine acoustic impedance studies could then be completed without the
pressure dynamics generated by combustion. Flexibility in motored
engine speeds was attained by varying the current to the starter motor
by means of an adjustable battery recharging unit (Figure 1).

The range of speed variation offered by this system was constrained
to a maximum motored engine speed of 600 rpm and a minimum of 300 rpm.

9
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The power made available by the starting motor was rather limited so that
Toading the engine while being motored was not attempted.

The length of time that the engine could be motored was restricted
since the starting motor would overheat after a certain period of usage.
Consequently, the starting motor was carefully monitored so that a series
of motored engine studies could be compieted without seriously damaging
the starting motor.

b. Powered Engine QOperation

Powered engine operation was achieved by operating the engine at
its normal running conditions. Variation in engine speed was attained
by throttling the engine. The engine facility also had the capability
of being loaded. Loading was achieved by having the engine drive an
electric generator unit. The voltage produced by the generator could
be dissipated by a load cell comprised of a series of high power light
bulbs (500 watt). As each Tight was turned on, the lighting unit
drained more power from the generator, which in turn, further loaded
the engine (engine Toading by this system had a potential of 6000 watts,
which was 100% of the engine's maximum brake horsepower). This loading
system was used in several of the powered engine tests.

The range of engine speed available was a maximum of 3600 rpm to a
minimum of 1500 rpm. The capability of loading the engine when operating
at lower speeds was limited to approximately 1000 watts since the engine
could stall if heavily loaded; however, maximum loading was available
when engine speed exceeded 3000 rpm.

2. MEASURAND TUBE FACILITY DEVELOPMENT

Once the engine with motoring capability was developed, the
principle measurement tool, known as a measurand tube, was designed.
The measurand tube, which is similar to the classical impedance tube,
provides a transmission line where engine acoustic properties may be
evaluated (Figure 3). The transmission line allows propagation of

N
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Figure 3. Measurand Tube with Anechoic Tailpipe Termination
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acoustic pressure signals to travel along its length in either direction.
Acoustic discontinuities, such as:

1) Cross-sectional area changes, which cause a change in the
acoustic impedance within the tube;

2) Varying dimension in wall thickness, particularly for tube
walls which are thin, which causes a dissipation of acoustic
energy due to vibration of the tube walls. (ASTM (Reference
19) requires the wall thickness of an impedance tube to be at
least 8% of the tube inside diameter.);

3) Varying roughness along the length inside the impedance tube
which causes varying acoustic energy losses along the length.

4) Any holes or loose connections, (if the measurand tube is two
pieces), which cause acoustic energy leaks at the discontinuity;

were considered in the design for acoustic pressure sensors access ports,
external acoustic source adapter, and tube tailpipe termination.

a. Acoustic Pressure Sensor Selection

Acoustic sensing elements were selected primarily to be able to
detect acoustic pressure disturbances within the pressure environment
of the measurand tube. Two types of pressure sensor devices were
considered; the first was acoustic microphones and the second was low
impedance pressure transducers with dynamic ranges which include acoustic
pressure levels. Experimentation with pressure transducers is generally
constrained to higher dynamic ranges than microphones. The lower limit
of measurable acoustic pressure levels for pressure transducers is
approximately 85 decibels (dB) because internal instrument noise masks
the acoustic signal. The dynamic range afforded when using small dia-
meter acoustic microphones is approximately 40 dB to 170 dB. A second
consideration toward acoustic pressure selection was the thermal
environment in which the measurement was to be made. During powered
engine operation the acoustic pressure sensors were expected to subject
to very sooty exhaust gases with temperatures in excess of 1100°F.




AFWAL-TR-80-4203

Piezoelectric pressure transducers (Kistler 202A5) were chosen
for powered engine studies, while condenser microphones were selected
for passive system and motored engine studies. The pressure transducers
had water-cooling jackets enabling them to withstand flash temperatures
in excess of 2000°F.

The pressure transducers and microphones were mounted as fiush
as possible to the outside wall of the measurand tube at the acoustic
access ports, as shown in Figure 4. It can be seen that the two pressure
transducers were temperature and vibration isolated using an ablative
silicone (General Electric RTV560) to form a rubber gasket sealing the
sensors into position while eliminating possible dissipation of acoustic
energy. The location of the pressure transducers and microphones from
the exhaust port of the engine was approximately 250 millimeters (mm).
This distance was deemed appropriate to minimize both the undesired
near-field effects of chamber combustion and the attenuation effects of
extended tube distance. Relative location of the pressure transducers
and microphone access ports to each other was dependent upon several
factors. One important factor, related to digital signal analysis
capabilities, was that an available time delay (78 microseconds) had to
be selected. This time delay was the time needed to establish the
transfer functions for right and left traveling waves within the
measurand tube. The condenser microphones were spaced 27 mm apart while
pressure transducer spacings could be varied from 35 mm to 47 mm. One
pressure transducer position remained fixed while the second pressure
transducer position was adjustable (Figure 5). This flexibility was
needed so that as the exhaust temperature varies with such conditions
as engine speed and load, the speed of sound varies with the exhaust
temperature and the distance over which right- and left-traveling waves
propagate in 78 microseconds varies with the speed of sound. The tem-
perature was monitored by a thermocouple inserted within the mainstream
of the measurand tube near pressure transducers (Figure 5). As the
temperature changed, the spacing between the pressure transducers was
correspondingly adjusted according to a precalculated position curve
(Appendix A). 1

14
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Figure 4. Pressure Transducers and Condenser Microphones as Mounted
to the Measurand Tube #
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Figure 5.

Pressure Transducers with Water-Cooling System and
Thermocouple Shown Adapted to Measurand Tube

16
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b. External Acoustic Signal System

This experimentation required that an adequate external acoustic
| signal be introduced into the measurand tube. This acoustic signal
was made to propagate down the measurand tube toward the engine. The
resultant incident-reflected acoustic phenomena was then assessed by
monitoring the two pressure sensors. It was desired to externally
produce an acoustic signal with a sound pressure level 10 dB above
the sound pressure level of the operating engine for all spectrum
frequencies of interest. The noise spectrum level at the acoustic
pressure sensors produced by the engine varied from 110 dB at the
lower frequencies to 90 dB at the higher frequencies.

A 60 watt electromagnetic acoustic horn driver (LTV Ling Altec)
was chosen because of its frequency range and maximum sound pressure
level capabilities. This horn driver provided a sound pressure level
of 135 dB within the measurand tube over the desired 500 Hz to 6000 Hz
bandwidth. Figure & shows the monitored horn driver signal compared

to the corresponding noise spectrum for the motored engine.

The acoustic horn driver was mounted perpendicular to the measurand
H tube to decrease interaction between the combustion dynamics produced

i by the engine and the diaphragm of the horn driver (Figure 7). This
arrangement reduced possible signal distortion and lessened diaphragm
deterioration. A screen with asbestos fiber and steel wool was placed
in front of the diaphragm to collect some of the combustion particulates
and inhibit the convection heat transferred by the engine's exhaust.
Harmful conduction heat transfer from the measurand tube horn driver

was minimized by implementing a cooling-water jacket around the horn
driver adapter (Figure 8). The acoustic signal was generated by a

random noise generator (filtered) using a bandpass from 500 Hz to
6000 Hz and then power amplified to drive the acoustic horn (Figure 9).
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Figure 8. Horn Driver Mounted to the Side of the Measurand Tube by
Adapter with Water Cooling
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Figure 9. External Acoustic Signal Generation for Horn Driver and
Amplification
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3. ANECHOIC TAILPIPE TERMINATION

Control of the engine's contribution to the acoustic environment
within the measurand tube required that a method be devised by which
engine noise would not be reflected back to the engine after interfacing
the tailpipe end of the measurand tube. Elimination of reflected engine
noise is necessary so that the incident-reflected characteristics of the
externally generated acoustic horn driver signal can be detected and
easily monitored and not be masked by engine noise. As a tailpipe
termination, an exponential horn geometry followed by an attached
cylinder was designed (Figure 10). Thus, with the termination, longer
wavelengths, i.e., lower frequencies of interest, would not be reflected
at the tailpipe end of the measurand tube.

The effectiveness of an exponential horn at transmitting sound is
defined in terms of cut-off frequency (5C). The cut-off frequency for an
exponential horn is dependent on the flare constant {m) of the horn.

This flare constant, indicative of the rate of exponential expansion
of the horn, can be calculated from the equation (Reference 9):

where
S] is the cross-sectional area at the distance L] from the throat

of the horn,

S0 is the cross~sectional area at the throat of the horn. The

. i -1
experimental horn developed (Figure 11) had a flare constant of 1.84 ft .

The cut-off frequency for an exponential horn can be evaluated
using the equation (Reference 9):

_ mc
b = %
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Figure 10. Anechoic Tailpipe Termination
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where

¢ is the speed of sound

Using the above flare constant, it was assessed that the exponential
tailpipe termination should absorb sound energy with frequencies above
167 Hz for motored engine studies and should absorb sound energy with
frequencies above 280 Hz for powered engine studies.

To enhance the effectiveness of the tailpipe termination, the
cavity of the exponential horn and attached cylinder were filled with
varying grades of steel wool. The acoustic energy thus propagated by
the horn would be dissipated in the steel wool (Figure 11). The packing
order for the several grades of steel wool used was determined by a
detailed study of steel wools as effective anechoic terminations. The
exponential horn with attached cylinder was attached by a flexible
exhaust duct to a powered exhaust vent.

4. ACOQUSTIC SIGNAL MEASUREMENT SYSTEM
a. Signal Monitoring and Recording System

The facility developed for performing acoustic impedance evaluation
of the engine included the incorporation of monitoring devices for engine
speed and exhaust temperature, as well as record capabilities for
acoustic pressure (Figures 12 and 13).

The engine speed during experimentation was monitored using a
strobe tachometer (Figure 1). The strobe tachometer permitted inspection
of the engine speed stability throughout a particular evaluation of
acoustic impedance.

The temperature of the exhaust gas was monitored by means of a
thermocouple (Section I1.2.a). The temperature was indirectly read from
a temperature potentiometer (Leed's and Northrup) that indicated a
voltage potential which was then translated to a temperature reading.

25
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where

¢ is the speed of sound

Using the above flare constant, it was assessed that the exponential

tailpipe termination should absorb sound energy with frequencies above
167 Hz for motored engine studies and should absorb sound energy with
frequencies above 280 Hz for powered engine studies.

To enhance the effectiveness of the tailpipe termination, the
cavity of the exponential horn and attached cylinder were filled with
varying grades of steel wool. The acoustic energy thus propagated by
the horn would be dissipated in the steel wool (Figure 11). The packing
order for the several grades of steel wool used was determined by a
detailed study of steel wools as effective anechoic terminations. The
exponential horn with attached cylinder was attached by a flexible
exhaust duct to a powered exhaust vent.

4. ACOUSTIC SIGNAL MEASUREMENT SYSTEM
a. Signal Monitoring and Recording System

The facility developed for performing acoustic impedance evaluation
of the engine included the incorporation of monitoring devices for engine
speed and exhaust temperature, as well as record capabilities for
acoustic pressure (Figures 12 and 13).

The engine speed during experimentation was monitored using a
strobe tachometer (Figure 1). The strobe tachometer permitted inspection
of the engine speed stability throughout a particular evaluation of
acoustic impedance.

The temperature of the exhaust gas was monitored by means of a
thermocouple (Section II.2.a). The temperature was indirectly read from
a temperature potentiometer (Leed's and Northrup) that indicated a
voltage potential which was then translated to a temperature reading. 1
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Figure 13.

Signal Monitoring and Recording System
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The temperature was obtained so that the appropriate pressure transducer
spacing could be known for each engine test.

The acoustic pressure signal conditioning system consisted of
several intermediate devices connected to the pressure transducers.
After the acoustic signal from the pressure transducer was conditioned
by a charge amplifier (Kisler 504A), the amplified signal was fed into
an RMS voltmeter. The voltmeter was monitored so that excessive RMS
voltages would not be inputed into succeeding intermediate devices.
Once the acoustic signal was appropriately amplified, the acoustic
signal was bandpass filtered using a 500 Hz to 6000 Hz bandwidth.

The filtering was performed to attenuate those low frequency components
of the overall acoustic spectrum level which were largely contributed
by engine noise. The filtered acoustic signal was monitored and
recorded.

b. Signal Analysis System

The recorded acoustic signals were fed into a digital signal
analyzer (HP 5420A) which could evaluate the reflection coefficient
and acoustic source impedance as a function of frequency. A hard copy
of the generated reflection coefficient and acoustic source impedance
was obtained as plotted functions of frequency using an X-Y plotter.
The corrected results of this analysis/copy process are shown in
Sections IV.1.a through IV.1.d.
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SECTION III
THEQRY

1. INTRODUCTION

The notion that an engine can be modeled as a cyclic series of
passive systems was supported in Section II by the identification of
both a closed tube and the varying size internal volumes of the engine
as it completed one thermodynamic cycle. Now that certain conceptualized
passive systems have been identified for the engine, it will be helpful
to theoretically appreciate the acoustic impedances for each of these
passive systems. These analytically predicted impedances can then be
compared to experimentally obtained acoustic impedances for actual
passive systems. The theoretical passive system acoustic impedances
can then be further utilized to interpret motored engine impedance data.
It might be additionally possible to extend this evaluative comparison
between modeled engine passive system acoustic impedances and experi-
mentally obtained acoustic impedances to explain the active acoustic
impedances for various powered engine conditions.

2. DEFINING IMPEDANCE

In general, theoretical investigations dealing with acoustical
impedance usually involve such acoustic identifications as specific
acoustic impedance. The specific acoustic impedance (z) by definition
is the complex ratio of the acoustic pressure (P) to the particle
velocity (v). The specific acoustic impedance can be interpreted
as a complex quantity composed of a resistive (real) component and a
reactive (imaginary) component, as shown in the following relationship:

2 =—==7r +4x M

< |vo

where

r defines the specific acoustic resistance
x defines the specific acoustic reactance

29
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This specific acoustic impedance identifies the impedance at a point
and is considered a property of the medium for the type of wave being
propagated through the medium. For example, the specific acoustic
tmpedance for simple plane harmonic waves forward propagating in a
fluid within a tube is shown to be equal to pc. The product pc is

a real quantity and a function of specific properties for the medium.
For this reason, the product is often known simply as the characteristic
impedance (Zs) or characteristic resistance for the medium. For
cross-sectional areas within tubes, etc., acoustic impedance (Z) is
defined as the complex ratio of the uniform acoustic pressure to the
associated volume velocity (U), and thus can be used to describe the
acoustical impedance at a particular surface. The acoustic impedance
at a specific surface can be related to the uniform specific acoustic
tmpedance (z) at the surface by:

—£= = 1
7= U R + 4X (2)

wniN

where

U is equivalent to vS with the particle velocity (v) uniform over
the surface (S).

S is the area of the designated surface.
R 1s the acoustic resistive impedance.

X is the acoustic reactive impedance.

The acoustic impedance which defines the impedance where the engine's
manifold interfaces the measurand tube will be identified as the

).

acoustic source impedance (Zbounce

3. ACOUSTIC PHENOMENA IN THE MEASURAND TYUBE

The dominant type of incident and reflected waveforms propagating
in the measurand tube at the pressure sensors was considered to be
1inear harmonic plane waves subject to amplitude attenuation (Figure
14). The incident pressure plane waves (pi) traveling in the positive
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x-direction theoretically possess a phase relationship where the particle
velocity and acoustic pressure are almost in phase. However, for
reflected (negative x-direction propagation) pressure plane waves (pr),
the particle velocity will theoretically lag the acoustic pressure

by about 180°.

The steady state interaction between positive traveling plane
waves from the acoustic source and negative traveling plane waves
from a passive termination results in the formation of a standing
wave. For the standing wave, the acoustic pressure and particle
velocity are a combination of the incident and reflected plane wave
fields. 1If, for the cross-section of the sound field at x = L, the
peak values of acoustic pressure (ﬁL) and particle velocity (QL) are

known, then the acoustic pressure (Po) and particle velocity (vo) at

the origin where x = 0 can be expressed in complex phasor form as
(Reference 16):

o8 Awt
P, (Lit) = P e (3)
where
P, = [P, cosh (yL) - z_ v  sinh (yL)] (3a)
and
o0 dwt
Vs (L,t) = v, © (4)
where .
. PL .
v. = [== sinh (yL) - v, cosh (yL)] (4a)
0 z L
Here’

Yy = a + (R s the propagation constant which incorporates
attenuation and phase information at the particular frequency.

Thus, the acoustic impedance Z0 at x = 0 can be calculated using the
equation
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4. PARTICULAR CASES OF ACOUSTIC PASSIVE SYSTEMS

Certain types of acoustic passive systems were investigated to
identify distinguishing acoustic impedance characteristics. The two
most frequently applied cases in the literature are that of a close
ended tube and open ended tube. Also, due to its application in
conceptualized passive engine geometries in this project, the helmholtz
(or volume) resonator was considered.

In an ideal close ended tube {or acoustically hard termination)
the peak particle velocity (vL) is zero at the termination where x = L.
Consequently, the particle velocity and acoustic pressure developed in
Equations 3 and 4 become:

wt

B
1

5L cosh (yL) e (6)

;L sinh (yL) et (7)

<
1l

These equations can be further simplified if negligible attenuation
(e ~ 0) is assumed. Further if o << k, where k = w/c is the wavelength

constant with w the rotational harmonic frequency and ¢ the speed of
sound propagation, then

B ~ k
’% and hence,
y = ik (8)

upon substitution of Equation 8 in Equations 6 and 7, and using
circular trigonometric identities, the equations become:

t

P, = E>L cos (kL) e (9)

Vo = 4 L sin (kL) 2%t (10) #
2
S
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Note that the acoustic pressure amplitude varies as a cosine function
of length and frequency while the particle velocity amplitude varies
as a sine function of length and frequency. The acoustic pressure
and particle velocity are shifted in phase with respect to time by
90° from each other.

For the close ended tube case, the acoustic impedance (Zoc) can
thus be expressed as,
z

c.. s
Z,o =4 = cot (ke) (1)

Noting that e%is the acoustic impedance for a plane wave (ZS), then
the ratio of close ended tube impedance divided by the plane wave
impedance defines a dimensionless acoustic impedance ZOC* for a close
ended tube as:

ZOC* = —%— = -4 cot (kg) (12)

Zc
S
Thus, the acoustical impedance for an attenuation-free tube with
an acoustically hard termination is a purely imaginary negative
cotangent function of tube length and frequency. Attenuation-free
propagation specifies there be no viscous wall damping of the acoustic
signal or energy dissipation within the propagation medium.

For the open tube case (or acoustically soft termination), the
acoustic pressure becomes zero at the open end where x = 0. From
Equations 3 and 4, expressions for the acoustic pressure and particle
velocity at x = 0, again assuming negligible attenuation, are:
wt

Py = 2o V| L sin (ko) e (13)

” Awt
o = VL ©OS (ke) e

<
"

(14)
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Consequently, the acoustic impedance for the open tube case is:

zo°* - S—s— = (2 tan (ke) (15)
0

The dimensionless form of the acoustic impedance for the open tube
case is:

2% = & tan (ke) (16)
Hence, the acoustical impedance for a tube with an acoustically soft
termination, in this attenuation-free case, is purely imaginary,
since there is no viscous damping of the acoustic signal or energy
dissipation within the propagation medium. The acoustic impedance
characteristics have the form of a tangent function of the tube length
and the frequency. The tube length should be small to eliminate
attenuation for this analysis to hold true.

Another passive acoustic system which is of importance in this
project is the helmholtz or volume resonator (Figure 14). The simple
helmholtz resonator consists of a rigid enclosure of volume V, with
radiation of sound into the volume medium through a small opening
of radius (a) and length Ly-

A feature of an ideal helmholtz resonator is that there is very
Tittle energy absorbed or dissipated, other than energy lost by viscous
effects. Consequently, the resistive component of impedance is
negligible. The reactive component of impedance is dependent upon
the physical dimensions of the resonator such as the area of the

opening, length of the neck, total volume in the resonator, etc.
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From basic acoustic theory, the acoustic reactance at x = 0 is shown
to be (Reference 9):

H_ % S
X 7= = (2'k - =
o =75 (k- ) (7)
where:
g = Ly + .85a,
is the effective length of the neck.
Thus, the acoustic impedance at x = 0 can be expressed as:
z
Ho i35 (k- 2
Z0 =4 (2'k kv) (18)
The corresponding dimensionless acoustic impedance can be written as:
H* . v . S
Zo = 4(2'k kv) (19)

Note that this acoustic impedance does not have a cyclic behavior as
did the impedances in previous open and close ended passive systems.

5. ADAPTATION OF PASSIVE SYSTEM IMPEDANCES TO THE EXPERIMENTAL CASE

Now that certain passive acoustic impedances have been evaluated
at the manifold-measurand tube interface where x = 0, a procedure will
be developed by which the acoustic impedance some distance along the
measurand tube away from the passive system termination can be determined.
The need for this procedure exists because the measurement technique used
in this project permitted assessment of the acoustic impedance at the
acoustic pressure sensors rather than where the measurand tube interfaces
the engine's exhaust manifold. Therefore, the theoretical impedances
Z, must be adjusted for the length (2) of measurand tube between the

first acoustic sensor port and the engine's exhaust manifold.
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The acoustic impedance (Zz) at the first acoustic sensor can be

analytically developed by considering the incident and reflected
acoustic waves that propagate within the measurand tube. The acoustic
impedance Z, at the plane x = -2 (Figure 14), can be written as

(Reference 9):

;. eC Ae{kﬁ + Be—{kg
L S Aejkl . Be-Jkl

(20)

where A and B are the complex amplitudes of the unattenuated incident
and reflected waves, respectively. Both A and B are evaluated where

x = 0. Thus, the terminating impedance Zo at the plane x = 0 is simply:
c A+B

Z, = T A-B (21)

Solving Equation 21 for amplitude A and substituting into Equation
20 yields:

(z +8% . .
0 g_— Bejkl + Be-jkl
T (22)
L S (Z + RE) n «
2 ZE_ Bel < - eS¢t
(z, - &)

rearranging, canceling common terms, and using circular function
identities for sine and cosine, this equation becomes:

7z =6 o 5 (23)

by substituting:

3 1 - &c— .
Zy = Ry * 5% = (Ry* + §X,*) (24)

and by multiplying the numerator and denominator of Equation 23
by the complex conjugate of the denominator, the resistive (RQ)
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component and reactive (XQ) component of the acoustic impedance Zl,
can be expressed in dimensionless form as:

Ro* (1 + tan2 k2)
R * = i (25)

2 (- Xo* tan ksL)2 + Ro*2 tan2 ke
and
X * tan? ke + (1 + R.* - X.*°) tan ke + X_*
) 2 2

(- xo* tan kg)z + R*" tan® kg

Theoretical analysis of the acoustic impedance for the passive helmholtz
resonator studied in Section III.4 has revealed that the resistive
impedance Ro will be negligible. But, it was desirable in computer

analysis for Z2 not to let resistance Ro be exactly zero. The

acoustic resistance was chosen to be defined as (Reference 9):
zg . "
R, =3 R (2ka) (27)

where
R' is a resistance function.
k is the wavelength constant.

a is the radius of the measurand tube.

Specifying the acoustic resistance as .005 at 500 Hz and .69 at 6000
Hz (Reference 9), the equation for acoustic resistance as a function
of frequency (§) can be empirically approximated as:

Zs -8 2
R S (2.0 x 10 7) 4 (28)
or as a dimensionless terminating acoustic resistance:
R* - (2.0x10°%) ¢ (29)

0
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6. SUPPORTIVE THEORY FOR DIGITAL SIGNAL ANALYZER CALCULATION OF
ACOUSTIC IMPEDANCE USING TRANSFER TECHNIQUES

The digital signal analyzer approach to reflection coefficient
evaluation as deveioped by Blaser and Chung (Reference 10) utilized
transfer functions obtained from Fourier analysis of measured acoustic
pressure signals at two sensor positions in the measurand tube.

If subscripts 1 and 2 indicate sensor locations and if i and r
denote incident and reflected components of the measured acoustic
pressure, then the complex phasor acoustic pressures, P1 and P2 at

positions 1 and 2, can be written as:
Py = Py + Py (30)

and
P, =P, + P, (31)
i r

The complex phasor reflection coefficients Rl and R2 at these sensor

locations can be expressed as:

pre)
]

= F{Py }/F{Py} (32)
1 1. ]i

and

=
1}

> F{Pzr}/F{Pzi} (33)

where F{P} indicated the Fourier transform of the time history signal
for acoustic pressure P.
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The transfer functions with port 2 as output and port 1 as input
associated with the incident and reflected pressures may be expressed
individually as:

12 ° F{P2 }/F{P1 } (34)
r r r

and

H]zi = F{Pzi}/F{P]i} (35)

Also, the similar transfer function for the total acoustic pressure
is:
H]z = F{Pz}/F{P]} (36)

From Equations 30 through 36, it follows that,

H]2 = H121 (1 + RZ)/(l + R]) (37)

From Equations 32 through 35 a relationship between the two reflection
coefficients can be expressed as:

Ry = (Hyp /My, ) Ry (38)
i r
Substituting Equation 38 into Equation 37 and solving for R] yields:
Ry = (g = Hyp Mty - Hyp) (39)

This equation permits the reflection coefficient in the measurand
tube at x = -¢ to be calculated when certain transfer functions have

been obtained.
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A relationship between acoustic impedance and the reflection
coefficient for a single frequency was additionally developed from
basic definitions for the acoustic particle velocity, acoustic pressure,
and acoustic impedance. The acoustic impedance from Equation 2 can be
expressed as the acoustic pressure divided by volume velocity, 1.e.,

_ i r
=57y (40)

Using the relationship between acoustic pressure and acoustic particle
velocity for plane waves, Equation 40 becomes:

s i r
1=—=— — (41)
S Pi Pr
Dividing numerator and denominator by Pi and simplifying by using
P
the definition for reflection coefficient, i.e., R =-3£ , then the
i
acoustic impedance can be expressed as:
z
..s 1 +R
Hence, the dimensionless acoustic impedance Zz*’ which was obtained
following digital signal analyzer evaluation of R] for Equation
39, was calculated using spectrum arithmetic as:
1+ R]
ZQ* = —T——ﬁ" (500 Hz < § < 6000 Hz) (43)
M
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SECTION IV
RESULTS

Both experimental and analytical results are presented in this
section. The results presented, while not the total of all data
collected, provide an informative collection of the major types of
impedance evaluation. These evaluative impedance studies included:
passive acoustic impedance for several fixed system geometries, passive
acoustic impedance for various engine crankangle configurations, and
active acoustic impedance for both the motored engine and the powered
engine. Also included is a brief explanation on each experimental
set-up particularly with regards to adjustments in the measurement
system between the different types of evaluative studies. The
evaluation of these results is given in Section 5.

1. EXPERIMENTAL PASSIVE SYSTEM IMPEDANCES

a. Passive Acoustic Impedance Evaluation for Fixed Geometry
Configurations

The first type of acoustic impedance evaluation focused on passive
systems. Particular interests were directed a*t identifying the impedance
for the open and closed tube cases. These special cases permitted
affirmation of the accuracy of the experimental measurement analysis
system through a successful comparison of the acoustic impedance trends
for both experimental systems with expected analytical results. Figures
15 and 16 show the impedance for the close ended tube case, which was
evaluated with the reference acoustic sensor six inches from the
acoustita11y hard termination. An identifiable theoretically predicted
characteristic of this reactive impedance in Figure 16 was its negative
cotangent function with an indicated effort to approach negative infinity
at zero frequency. As another affirmation of the measurement analysis
facility, the open tube acoustic impedance case was investigated with
the results shown graphically in Figures 17 and 18. The experimental
set-up was the same as in the close ended tube case, i.e., the reference
acoustic sensor was six inches from the open tube termination. Referring
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to the reactive impedance shown in Figure 18, the tangent function which
1s theoretically expected for the impedance of an open ended tube was
clearly evident in the experimental results. The fact that at zero
frequency the impedance approaches zero was additional evidence of the
accuracy of the measurement analysis system developed to experimentally
investigate acoustic impedance. In both the close and open ended tube
cases, the resistive impedance was periodically non-zero near resonant
conditions for the reactive impedance.

b. Engine Acoustic Impedance at Various Crankangles - A Passive
System Study

The crankangle impedance study identified the acoustic impedance
for various internal volume configurations as the engine progressed
through one thermodynamic cycle (0° - 720°). Specific crankangles
were selected to represent particular types of engine valve/chamber i
configurations in the thermodynamic cycle. An example was the first
result presented in this section where the engine had a crankangie
of 90° (Figures 19 and 20) for which the exhaust valve was known to be
closed. The predominant cotangent waveform is quite evident in Figure
20 with the zero frequency value tending toward negative infinity, a
characteristic effect of a close ended tube termination (Figure 16).

The engine configurations for crankangles from about 130 to 360°
should represent the engine as a varying helmholtz-type volume, since
it is through these crankangles that the engine's exhaust valve opens
and closes (Figure 14) while the chamber volume changes substantially.
Results are presented for crankangles of 130°, 170°, 260°, 340°, and
360° (Figures 20-30). The final result presented was for a crankangle
of 400° (Figures 31 and 32) where the exhaust valve was again closed
and remained closed through the remainder of the cycle and into the
next thermodynamic cycle until past 90° where the exhaust valve again
started to reopen.

In this crankangle impedance study and in the studies involving
a motored or powered engine, the experimental set-up was different
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Figure 19. Dimensionless Resistive Impedance of Engine at
90° Crankangle
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Figure 23. Dimensionless Resistive Impedance of Engine at
170° Crankangle
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Figure 24. Dimensionless Reactive Impedance of Engine at
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Figure 31. Dimensionless Resistive Impedance of Engine at
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in one respect from the open and passive system study. The reference
acoustic sensor in all engine related impedance studies was 9.25
inches away from the end of the measurand tube, and not six inches
away as was the case for the passive acoustic impedance evaluation
for open and close ended tube terminations. The engine for these
crankangte impedance studies was a 10 horsepower Briggs and Stratton
single cylinder engine.

2. EXPERIMENTAL ACTIVE SYSTEM IMPEDANCES
a. Motored Engine Acoustic Impedance Study

The results presented in this section are the first for two types
of active system acoustic impedances which were evaluated. The first
results presented here are for an engine hand rotated at about 2 rpm
(Figures 33 and 34). The 2 rpm speed is equivalent to the completions
of one thermodynamic cycle or a 0° through 720° crankangle rotation each
minute. Figures 35 and 36 then show graphically the acoustic impedance
of a slightly more active system with the engine speed increased to about
24 rpm. The remaining results are for an engine driven by a starter
motor with successively increased engine speeds. This sequence of
gradually increased engine speed was done to permit progressing patterns
in the impedance characteristics to be identifiable from these lower
speed motored engine studies (Figures 37-48). A1l experimentation was
performed with an external white noise horn driver level of 130 dB or
more. No major changes were made in the experimental measurement
analysis system from the system used for the engine crankangle study.
The speed variation for the Briggs and Stratton 10 horsepower motored
engine was accomplished by using a battery recharging unit to vary the
current to the starter motor which drove the engine. No external engine
load was applied.

b. Powered Engine Acoustic Impedance Study

The results presented in this section represent efforts at attain-
ing acoustic impedances for a powered engine under varying conditions.
The results are primarily presented for increasing engine speeds. The
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engine speed was varied from a low of 1600 rpm to the high of 3600 rpm
to permit possible identifiable trends in the impedance characteristics
as a function of engine speed. In general, results for no-load are
presented, with full-load occasionally applied (Figures 49-64).

The experimental measurement system was the same as in the motored
engine study except a readjusting of the second acoustic sensor (furthest
from the engine) was necessary to accommodate for the change in the speed
of sound caused by elevated exhaust gas temperatures. The engine for
powered experimentation was the 12 horsepower Tucumseh engine described
in detail in Section II.1.

3. ANALYTICAL PASSIVE SYSTEM ACOUSTIC IMPEDANCES

The results presented in this section are for the two passive
systems identified as most contributive characteristics to the acoustic
impedance of the engine during its thermodynamic cycle. In the
theoretical computer model the calculations for the input impedance
required defining of pipe lengths, etc., as dimensions for the passive
termination. Figure 65 shows the lengths and dimensions used for the
analytically developed close ended tube and volume resonator impedance
analysis.

Figures 66 and 67 present the close ended tube resistive impedance
and the close ended tube reactive impedance for a zero to 6000 Hz
band 'idth. The resistive and reactive components for the volume
resonator are presented in Figures 68 and 69.

4. ANALYTICAL ACTIVE SYSTEM IMPEDANCES

Analytical results presented in this section represent efforts
to simulate the actual powered engine acoustic impedance by analytical
modeling.

With the significant passive system acoustic impedances for the
engine identified, the passive acoustic impedances were analytically
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Figure 53. Dimensionless Resistive Impedance of Engine
Operating at 2200 RPM with Full Load
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Figure 54. Dimensionless Reactive Impedance of Engine
Operating at 2200 RPM with Full Load
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Figure 55. Dimensionless Resistive Impedance of Engine
Operating at 2400 RPM with No Load
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Figure 56. Dimensionless Reactive Impedance of Engine
Operating at 2400 RPM with No Load
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Figure 59. Dimensionless Resistive Impedance of Engine
Operating at 2950 RPM with No Load
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Figure 60. Dimensionless Reactive Impedance of Engine
Operating at 2950 RPM with No Load
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Figure 61. Dimensionless Resistive Impedance of Engine
Operating at 3520 RPM with No Load

20,808

Dimensionless
Reactance

-28. pag

1 T T Ll L I
a8 Frequency (hertz) 6. 8228 K

Figure 62. Dimensionless Reactive Impedance of Engine
Operating at 3520 RPM with No Load

69




AFWAL-TR-80-4203

28, 009
o
)]
[}
o U
- O
[ =4 =1
o J
wt &)
n n
[«gR 2 ]
(1) g 1
L
1
-28. 608 T T T 1 T T
8.0 Frequency (hertz) 6. 8288 K

Figure 63. Dimensionless Resistive Impedance of Engine
Operating at 3600 RPM with No Load
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developed into a computer program, see Appendix B. The manner in which
the identified passive systems were combined to simulate the actual
experimental engine was accomplished as follows: it was hypothesized
that each of the passive systems should be present in the projected
engine acoustic impedance in the same proportion that they were available
within the thermodynamic cycle. For one thermodynamic cycle, it was
projected that a closed tube passive system was present 57% of the cycle,
a volume resonator effect existed 35% of the cycle, and an expansion
chamber occurred 8% of the cycle. Since the expansion chamber effect

was relatively small, its contribution to the total cycle was redistri-
buted to the other two passive system configurations. Therefore, the
typical simulated passive system model for the engine was selected to

be 60% closed tube configuration and 40% variable volume resonator
configuration. These typical percentages were used to computer generate
the acoustic impedance for the engine from knowledge of the individual
acoustic impedances for the passive systems. The analytical results for
such passive system engine modeling are shown in Figures 70 and 71,

Since other ratios of passive system contribution to the simulated

engine impedance were possible, several other percentage proportions
were investigated (Table 2).
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TABLE 2

LISTING OF VOLUME RATIOS AND CORRESPONDING CLOSED TUBE RATIOS
USED IN VARIOUS ACOUSTIC ENGINE SIMULATIONS

U A A i

Variable
Closed Tube Volume Resonator Figures
Configuration Configuration Showing Impedances
40% 60% 72, 73
95% 5% 74, 75
10% 90% 76, 77
77
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SECTION V
EVALUATION OF ANALYTICAL AND EXPERIMENTAL RESULTS

1. PASSIVE SYSTEM IMPEDANCE EVALUATION
a. Evaluation of Computer Modeling Efforts for Passive Systems

Upon examination of the computer analysis results, definite trends
in the predicted impedances caused by certain system geometries were
observed to exist. Appreciation of the associated theoretical develop-
ment indicated, for example, that the pipe-type impedance which occurred
in the plotted results was a consequence of the incorporated length g
of the measurand tube between the acoustic pressure sensors and the
termination impedance (Figure 14). The following five designated
subsections provide some insights that have been appreciated from the
study of the theoretical dimensionless acoustic impedances at x = -2:

(1) The expected resistive and reactive component ihterre]ation
of impedances was confirmed, with the peak of the resistive impedance
corresponding to a zero reactive impedance. A plot of resistive
impedance against reactive impedance would be a varying amplitude
ellipse with a minor axis positioned 90° from the resistive impedance
axis.

(2) The predominant periodicity of both the resistive and reactive
impedances was a result principally of the equivalent length of straight
pipe between the acoustic pressure sensor port and engine chamber, and
not of the terminating passive system impedance (Figure 65). Upon
comparison of Figures 67 and 69, the periodicity of the impedances is
observed to be not quite the same. The slight variation between periods
was expected since the straight tube length (that distance between the
acoustic sensor ports and the engine exhaust chamber) used in the
computer program was different by .75 inch for the close ended tube
than for the volume resonator. This incorporated length difference
is inherent in actual engines.
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The resonant conditions for the analytic close ended tube and
volume resonator cases can be calculated using the previously defined
lengths and checked against the period of impedance variation which
appeared in the computer output. For the analytic closed tube reactive
impedance case (Figure 67), the period was 670 Hz. The computer program
computed a measured impedance as one which the pipe impedance interacted
with the terminating impedance which is truly representative of the
experimental case. The resonant condition shown in the computer output
resulted because of the combined length of the straight pipe (9.25 inches)
and the smaller length contributed by the exhaust manifold (estimated
at one inch). The resonant frequency (6n) defined by this equivalent
pipe geometry can be calculated using the following equation:

= C

2 (o + %% (44)

where
a is the pipe radius
2 is the total length of the pipe

¢ is the speed of sound

Upon substitution of experimental values,

6n = 640 Hz

This calculated resonant frequency is inherent in the computer indicated
impedance variation with frequency.

The resonant frequency of the straight tube length for the terminat-
ing volume resonator case can be calculated in a similar manner. However,
the effective pipe length is longer due to an additional pipe length
beyond the exhaust port into the cylinder volume. The corresponding
fundamental resonant frequency was calculated based on straight pipe
resonant conditions, as 600 Hz, where an effective straight tube length
of 11 inches was estimated.
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The resonant condition indicated in the computer simulated volume
resonator reactive impedance was dominated by this calculated pipe
resonant condition. The above resonant frequency calculations for
straight pipe impedance based on estimated equivalent lengths can be
implicitly identified as the dominant contributor to both the computed
and experimental impedance periodicity.

(3) The terminating impedance contribution.to the measured
impedance (Figure 14), had an effect on the magnitude of the measured
impedance and was also responsible for a phase shift in the measured
impedance relative to the straight pipe impedance. These magnitude
and phase shift phenomena were clearly evident in the computer simulated
close ended tube case of Figure 67. It is observed that the magnitude
envelop of the computed impedance exhibits an amplitude proportional
to the magnitude of the terminating reactive impedance. The cotangent
function defined by the envelop of the peak amplitudes in Figure 67
has a period of approximately 9000 Hz. The period for the ideal COT(kg)
function of the close ended tube case would be about 13,700 Hz. This
represents a 30% difference, which would imply that an additional
consideration is needed to completely explain the envelop tendency
of the impedance.

This magnitude envelop tendency of the computer evaluated reactive
impedance is also evident in the volume resonator case (Figure 69). For
the volume resonator reactive impedance case, the magnitude of the
terminating impedance is known to increase with increasing frequency,
which would imply that the magnitude of the measured reactive impedance
should decrease with increasing frequency, a behavior which does appear
in the computer results.

The phase shift indicated between the close ended tube reactive
impedance (Figure 67) and the volume resonator reactive impedance (Figure
69) is indicative of the interaction between the open pipe impedance and
the terminating impedance. See paragraph 1 of Section V.l.a. If it is
assumed that the open pipe impedance defines the phase information for
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the measured impedance, it would be expected that the magnitude of the
measured reactive impedance would be zero at zero fregquency. Examination
of Figures 67 and 69 indicated that this zero magnitude assumption is

not correct. The terminating impedance interaction with the open pipe
impedance must thus establish the locations for the resonant peaks of

the measured impedance amplitudes. Hence, as the open pipe impedance

was seen to influence the major periodicity of the measured impedance,
this terminating impedance influences the resonant frequency locations

of the measured impedance.

Referring to Figure 67, the magnitude of reactive impedance at
zero frequency is noted to be of some negative value. It was projected.
that when the pipe impedances were added in parallel combination with
the terminating impedance, the negative infinity magnitude of terminat-
ing reactive impedance dominated the pipe reactive impedance, thus
causing the indicated measured impedance to approach a negative non-zero
value. In Figure 69 the volume resonator reactive impedance was observed
to be slightly negative at zero frequency. When considering the terminat-
ing reactive impedance to be a negative magnitude of some finite amount
at zero frequency, it would be expected that when added to the zero
magnitude of the pipe impedance at zero frequency, the indicated measured
reactive impedance would be a non-zero negative value, which was the case.

(4) The peak-to-peak magnitude of thre measured impedance was
primarily defined by the magnitude of the resistive component of the
terminating impedance. The magnitude dependency was studied by changing
the resistive constant of the terminating impedance and noting the
corresponding change in the measured impedance. An increasing of the
terminating resistive impedance correlated to a decrease in both measured
resistive and reactive impedance outputs. It was noted that the trends
in magnitude variation over the range of frequencies evaluated would not
change with terminating resistive impedance but only with a change in

terminating reactive impedance, as indicated in paragraph (3) of Section
V.1.a.
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(5) In Figure 68, a noticeable effect due to the resonant condition
of the volume termination is present. The first resonant condition is
identified in the resistive impedance at 340 Hz. The first peak-to-peak

period of 600 Hz bandwidth is thus smaller than those periods indicated

3 is used when

at higher frequencies. If an average volume of 20 in
determining the measured impedance, the resonant condition that would
exist for this volume would be 326 Hz. The resonant frequency of 326 Hz
had probably dominated and masked the nearby resonant condition indicative
of the pipe impedance as previously discussed. Consequently, a slightly

shorter period is evident in the lower frequency range.

b. Evaluation of Experimental Results of Standard Passive
Acoustic Systems

Comparison of the theoretical results shown in Section IV.3 for the
passive acoustic system; with the experimental results of Section IV.1.a
indicated that the laboratory measurement technique employed for experi-
mental study of similar passive acoustic systems was rather accurate.
There were few inconsistencies, which denied an exact comparison of
experimental to theoretical passive acoustic system results. The
inconsistencies which did exist between experimental to theoretical
results could essentially be explained by the slightly different
geometrical considerations for each. For the experimentally attained
passive system impedances, the acoustic pressure sensors were placed
within six inches of the passive engine termination in agreement with
initial laboratory studies. However, the computer program simulated
the acoustic pressure sensors later as being 9.25 inches from the
passive engine termination in agreement with engine impedance studies.
This difference in the indicated lengths caused the period of the
respective impedance results to differ correspondingly. Consequently,
the period was 1500 Hz for the experimental close ended tube results
and 610 Hz for the theoretical close ended tube results. The cause
of the period variation can be analytically identified in the "tan kg"
term incorporated in both the resistive and reactive definitions of
measured impedance (Equations 25 and 26). The "¢" parameter defined
the length between the acoustic pressure sensors and the engine
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termination. Consequently, as the length term was increased, the period
of both impedance components decreased, and thus the theoretical compo-
nents cycled more often through the tangent function.

c. Evaluation of Experimental Engine Crankangle Studies

The engine crankangle study was performed to permit possible
identification of measured impedance due to the engine's internal
geometry in terms of certain passive system acoustic characteristics.

For example, the 90° crankangle analysis (Figures 19 and 20), where

the exhaust valve is closed, was the most easily definable case. The
results of this aspect of the study resembled not only the results of

the passive close ended tube analysis (Figures 15 and 16) but also the
related computer modeling results for a close ended tube (Figures 66

and 67). The most essential characteristic identified in the results

for the 90° crankangle study was the strongly developed inverse cotangent
function (Figure 20) of the reactive impedance. A noticeable behavior
pattern for the results of the 90° crankangle study was the decreasing
period for this inverse cotangent function at higher frequencies. The
shortening of the period for the experimental crankangle study was indi-
cative of an increased distance between the acoustic pressure sensor
port, and the reflective surface (the exhaust valve), which was attributed
to the effective acoustic size of the engine's manifold. Geometry changes
along the measurand tube to the exhaust manifold of the test engine, as
well as geometry irreqgularities of the exhaust valve, resulted in the
generation of additional acoustic phenomena such as secondary resonance
and partial reflection of the acoustic pressure signal. At higher
frequencies, there was an increased likelihood of the geometry changes

to act as an acoustic discontinuity severe enough to cause reflection.
(There is a high frequency plane wave limitation which restricts the
wavelength of the frequency transmitted to the minimum about equal to

the inside diameter of the measurand tube.) The resultant effective
length between the acoustic sensors and the acoustic termination thus
could potentially increase with increasing frequency and hence, the
period of the acoustic impedance would decrease with increasing
frequency.
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When developing the computer model for this engine, the effective
geometry changes within the measurand tube manifold system were not
incorporated into the acoustic engine model. Thus, the computer model
accurately defined only the more dominant characteristics of the
resistive and reactive impedance for the experimental facility.

The credibility of the exhaust and intake valve position with
crankangle can be shown through examination of experimental resistive
impedance data at varying crankangle. At a frequency of 455 Hz, a peak
in the resistive impedance originated and increased in magnitude from
the 90° crankangle to 260° crankangle and then decreased from the 260°
to 400° crankangle where the peak completely disappeared. If a passive
helmholtz resonator is defined from the engine's cylinder dimensions,
where the neck of the resonator is the combined length of the manifold
and chamber length to the cylinder, then it would be possible to estimate
the resonant helmholtz frequency of the actual system from the following
relationship (Reference 9):

b = 27 TV (45)

where
L' is the effective neck length including end effects
V is the volume of the resonator

S is the cross-sectional area of the neck

The resonant frequency for the volume of the engine's cylinder was
thus theoretically approximated to be 456 Hz. It is observed that
this resonant peak corresponded to the resistive peak shown in the
experimental data.

Attention is now directed to the crankangle studies between 130°
and 260° (Figures 21 to 26) by comparing these crankangle studies to the
computer model of a theoretical volume resonator (Figures 68 and 69).
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Some evident relationships can be seen, particularly the inverse cotangent
waveform which is developed in both experimental and theoretical data.
Another observation of the project was that in experimental results,
several waveforms resembling superimposed inverse cotangent waveforms
existed in much of the results. This response can be identified as an
extension of the phenomena of partial reflection and partial transmission
of the acoustic signal. As noted previously, the geometric discontinui-
ties, which aie present in the manifold and through to the cylinder,
cause partial reflection of the transmitted lower frequency due to a
change of impedance. Additional reflections are caused by the exhaust
valve itself. The exhaust valve has limited opening area when fully
opened, and the gap allowed does inhibit transmission of white noise
into the cylinder to the higher frequency content of the externally
generated white noise signal. However, since the high frequency content
is normally heavily damped, transmission inside the cylinder and the
reflected high frequency signal is expected to be Tow. Assuming full
transmission into the cylinder area by the acoustic signal, the crank-
angle study at 340° shows most closely the expected active system
acoustic impedance. The effects of geometry and attenuation really
lTimit the applicability of passive systems toward active engine
modeling, to the two selected, since other passive systems added

would be too specialized and probably masked by the already considered
and more dominant acoustic characteristics.

2. ACTIVE SYSTEM IMPEDANCE EVALUATION

a. Analysis of Computer Modeling Effort of an Active Engine
Acoustic System

The resuits obtained from computer simulated active engine acoustics
are useful in explaining some of the features observed from experimental
data reduction. The idea that several superimposed passive acoustic
systems can represent the actual engine acoustically is a justifiable
statement when one compares the theoretical results to the slow speed
engine experimental results. The experimentally obtained peaks shown in
Figures 45 through 48, for example, are similar to the corresponding
theoretical results shown in Figures 70 through 77.
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The developed computer model for the engine was less effective
towards a quantitative comparison for experimental hot engine than
cold engine evaluation. However, the computer model was productive
in defining qualitative trends in the active engine data. An example
of where qualitative comparison is found is in the higher frequency
range of the experimental motored engine studies wherein volume
termination rather than close ended tube termination similarities
apply. In Figure 48 several peaks which occur after 4000 Hz have
attenuated to the degree that the reactive impedance was essentially
Zero. At 3300 Hz through 6000 Hz, the wavelength was small so that
the geometric changes through the engine‘s manifold did not pose a
significant impedance change to cause a great amount of acoustic
reflection. This implied that much of the frequency content in the
3300 Hz to 6000 Hz bandwidth reacts with the volume in the vacated
cylinder. This predominant volume type termination caused a strong
cotangent waveform to develop with a reduced period. This phenomena
ts indicated somewhat within the 3300 Hz to 4000 Hz bandwidth due to
less attenuation over this range. This conclusion is justifiable when
related to the previously discussed theoretical results in the super-
imposed addition of close ended tube and volume resonator reactive
impedances. The superimposing of these two passive system impedances
indicated that it was possible to have a reactive impedance with
several cotangent functions of differing periods to result as the
measured impedance of an experimental active system. In the reaction
impedance case of a motored engine (Figure 48), the 0 through 3000 Hz
range indicated a closed tube reactive impedance effect while the
3000 Hz to 6000 Hz bandwidth showed primarily a volume resonator effect
with partial close ended tube effect.

b. Analysis of Motored Engine Studies

First investigations of active engine impedances focused on slow
motored engine speeds such as the 2 rpm and 24 rpm studies (Figures
33 through 36). The most obvious characteristic identified was the
inverse cotangent function in the reactive impedances by overlaying
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the 90° crankangle reactive impedance and the 2 rpm and 24 rpm motored
engine reactive impedance, the resulting graph led to a definite indica-
tion that the motored engine at low speeds resembled a close ended tube
(Figures 78-81).

Consideration of the method triggering by the digital signal
analyzer to obtain proper sampling of the acoustic signal becomes an
important criteria for determining operating engine impedance
similarities. The sampling time specified for the FFT digital signal
analyzer was 39.1 microseconds for the 0-6400 Hz frequency bandwidth
selected. By establishing thermodynamic cycle completion time as a
function of engine speed, and assuming the presence of a close ended
tube 57% of the thermodynamic cycle, a 35% volume resonator presence
and 8% expansion chamber presence, it was possible to determine how
much time each of these passive systems would be present within one
sample for the FFT analyzer. Figure 82 indicates graphically how
much time each passive system is available as a function of engine
speed. Approximately three thermodynamic cycles are shown by means
of the crankangle positions on the graph. With the engine speed
lower than 100 rpm, it was assumed that the close ended tube reactive
impedance characteristics tend to mask most other reactive impedance
behaviors of the engine, particularly considering the fact that the
FFT sampling time of only 39 microseconds was quite small in comparison
to the time that the exhaust valve remained closed.

As the motored engine speed is increased, the results became less
pronounced. But, in certain instances such as the 450 rpm, 555 rpm,
and 560 rpm impedance studies (Figures 41-42 and Figures 45-48), the
results have indicated a resemblance to the 90° crankangle study. The
sporadic peaks which occurred in both resistive impedances are not the
contribution of one type of acoustic behavior but the combined resonant
impedance effect of many internal geometry changes of the engine.

The engine speeds in the motored engine studies were below 600
rpm, which implied that harmonic resonances contributed by the engine's
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pressure pulsations at the firing frequency had a negligible effect on
| these engine impedance measurements. The fundamental frequency at an
engine speed of 600 rpm would be 10 Hz, well below the frequency
analysis range considered by this project.

c. Analysis of Operating Engine Data

The results obtained from powered engine studies were less conclusive
than the project's previous experimental results. The results are some-
what interrelated to other experimental results, particularly with regards
to the development of an inverse cotangent behavior in the reactive

% impedance. The inverse cotangent behavior was only marginally evident

:1 in the 1600 rpm reactive impedance study (Figure 40) but became more
fully developed in the 2100 rpm (Figure 52), 2200 rpm (Figure 54), and
3520 rpm (Figure 62) reactive impedances. However, for the remaining
powered engine impedance results no dominant cotangent continuity feature
existed. The variability in these results was believed to be largely
direct consequence of the sampling technique used for digital signal
analysis in this phase of experimentation, particularly, in regards
to type of triggering operation utilized.

Assuming that the inverse cotangent relationship should have been
a contributing influence on the impedance characteristic of power engine
acoustics, the possibility that the actual impedance characteristics
would be masked by other acoustic phenomena becomes a viable possibility
and therefore, will be considered here. One of the more dominant
disruptive effects on the acoustic environment within the measurand tube

woull be that of the hot exhaust gases. The temperature gradient along
the measurand tube, caused by cooling hot exhaust gases, varies with the
engine's cycle and speed. It becomes questionable if this temperature
gradient ever stabilizes within the measurand tube to a mean temperature
profile during any part of the powered engine thermodynamic cycle.

With the temperature gradient dramatically changing with time, accurate
time sampling of transfer functions to resolve the acoustic signal into ‘
the incident and reflected acoustic pressures, and thereby define the |
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engine acoustic characteristics, becomes exceedingly more difficult if not
impossible. Another combustion process effect which had possible adverse
contributions to accurate acoustic impedance assessment was the large
velocity head produced each thermodynamic cycle. Associated with the
velocity head was a dynamic pressure which raised the pressure within

the measurand tube cyclically as a function of the firing frequency.

The dynamic pressure could contribute to sporadic peaks within the
experimental resuits of both motored and powered engine tests. The
combination of a fluctuating temperature gradient and large cyclic
dynamic pressure could cause severe changes in the acoustic trans-
mission medium. Another disruptive by-product effect of the combustion
process was the varying density gradients within the transmission
(measurand) tube which would cause distortion in the acoustic plane

waves that were propagated.
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SECTION VI
DISCUSSION AND RECOMMENDATIONS

1. GENERAL REMARKS

Defining the engine system acoustically has been a long sought-
after goal. Recently, significant advances have been made in several
areas of engine acoustics. It had been made a goal of this project
to identify the acoustic impedance of an internal combustion engine
when viewed at the exhaust port.

The investigation presented in this work identifies a method of
pursuit towards defining impedance characteristics of an engine.
Table 3 shows the method of pursuit taken to evaluate engine impedance.

TABLE 3

EXPERIMENTAL APPROACH TAKEN TO EVALUATE
ENGINE SOURCE IMPEDANCE

A) Standard Passive Acoustic Impedance Evaluation

{ Open Ended Tube | Close Ended Tube |

B) Engine Passive Acoustic Impedance Evaluation

[Crankangle Variatiaﬁ]

C) Motored Engine Active Acoustic Impedance Evaluation

[Engine Speed VariatinJ

D) Powered Engine Active Acoustic Impedance Evaluation

[ load and Engine Speed Variation]
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The acoustic source impedance of an engine has been experimentally
defined quite accurately for the motored engine investigations. A
moderate definition of powered engine acoustic source impedance has

been achieved, although falling short of an accurate definition of
acoustic source impedance of a powered engine. Significant advancement
has been made by showing that acoustic pressure measurements can be
taken in the hostile environment posed by the engine's hot exhaust

gas. Also, information obtained from motored engine studies indicate
the potential for acoustical modeling of the engine using the computer.
The importance of this work is found not only in the success of defining
acoustic source impedance but in the informational foundations developed
towards future investigations.

2. SUCCESS OF PROJECT'S APPROACH

The primary contribution made by this work was the refinement of
an experimental-cum-analytical method for evaluating acoustic impedance.
Particular improvements can be seen in the adaptation of the acoustic
sensors and external noise source to resist high temperature environment
of an engine exhaust system. Corresponding analytical improvements are
the identification of open pipe impedance and termination impedance
interrelationships which exist within the experimental system.

Another important development is the conclusion, from motored engine
experimental studies in comparison with computer modeling efforts, that
the engine can be acoustically modeled as a changing volume. The volume
during specific parts of the engine's thermodynamic cycle can be
presented either as a closed tube of specified length and diameter
or as a helmholtz resonator of fixed neck and varying enclosure
dimensions.
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3. RECOMMENDATIONS

The following 1ist of recommendations, discussed in some detail
in previous sections, are offered as suggestions toward more successful
acoustic analysis of an engine for future studies:

a) Digital signal analysis at higher engine speeds could be
more successfully utilized if triggering had been incorporated
into the combined experimental engine digital signal analyzer
system. Triggering would be particularly useful with powered
engine analysis, with triggering being set as a function of
the firing frequency. If the triggering potential of the
digital signal analyzer is limited, possible Tengthening
of the sampling time to any multiple of the thermodynamic
cycle completion time would lead to a more exact measure-
ment of the impedance for an engine. Proper readjustments
would have to be considered for each engine speed since
the firing frequency would also change.

b) Left and right transfer functions could be more accurate in
powered engine acoustic analysis if these transfer functions
were established in a measurand tube with a temperature
gradient approximated by expected exhaust gas temperatures.
It is important to note that left and right transfer func-
tions were adapted to the case of a high temperature acous-
tic transmission medium by adjusting one of the acoustic
sensors to compensate for the increase in the speed of
sound. However, this method was found experimentally
cumbersome.

c) Further investigation of motored engine studies, particu-
Tarly at higher engine speeds, could accurately disclose
contributive acoustic behavior caused by engine geometry
effects.
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d) Additional loading of the test engine would possibly
decrease the overall sound pressure level of the noise
produced by the engine as much as 15 dB at lower fre-
quencies (Reference 1). With a lower sound pressure

level produced by the engine, the externally generated
white noise signal would be more identifiable for
digital signal analysis and for data reduction. This
result is positively identified in the comparison of
Figures 40 to 42 where a difference of approximately
10 dB between externally generated acoustic signals
makes identifying engine acoustic characteristics

much more difficult.

e) A definite improvement in the data would be made if the
sound source could produce a white noise signal with a
broadband sound pressure level in excess of 145 dB. The
effect of an increased sound pressure level would not only
contribute to having more definable acoustic characteristics
but can optionally be used to expand the frequency bandwidth
of analysis. The increased bandwidth would be particularly
useful in extending the acoustic analysis into the lower
frequency range, i.e., below 500 Hz. The lower frequency
range is important due to the fact that much of the noise
content of a powered engine is located at the lower frequency
end of the frequency spectrum. A suggested acoustic source
might be a pneumatic horn device.

The work presented in this report is a beginning effort in the
experimental analysis of acoustic source impedance using measurement
techniques adapted to an actual powered engine. Defining the acoustic
source impedance was successful in motored engine studies and moderately
successful in powered engine studies. Much was learned from this report
and the groundwork for further investigations has been established.
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APPENDIX A
ACOUSTIC PRESSURE SENSOR SPACING

The following pages provide justification for variable acoustic
pressure sensor spacing, and includes the mathematics used to quantify

proper sensor spacing. The results from this analysis are condensed

and represented graphically in Figure A-1.

The relationship which relates temperature to the speed of sound

in a gas is as follows:

- T
c=c, 1+ 573 (A-1)
where
o is the speed of sound at standard atmospheric temperature

) . meters
and pressure; equaling 336.1 second”

T is the temperature of the acoustic medium in degrees celsius.

The above equation is for air; but, this analysis was contingent
on the premise that exhaust gases will resemble air as an acoustic

medium at elevated temperatures.

For the experimental case where the temperature of the acoustic
medium is 800°F the speed of sound is calculated to be 538 meters per
second. The increase in speed of sound from standard atmospheric
conditions is 60%. Since the speed of sound will vary significantly
over the operating temperature range, the acoustic pressure sensor
spacing must be correspondingly adjusted for correct usage of the

internal time delay of the FFT digital signal analyzer system.
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The time delay in the digital signal analyzer was used so that
the acoustic signal received by acoustic pressure sensor number 2
and acoustic pressure sensor number 1 both are analyzed simultaneously
to yield the transfer function (le). The transfer function contains

magnitude and phase information, which when used mathematically with
predetermined 1eft- and right-transfer functions (sz and H]2 )
L r

will provide the acoustic characteristics of interest. Consequently,
if the distance between the two acoustic pressure sensor access ports
are mispositioned, the transfer function derived will contain wrong
magnitude and phase information.

The relationship which exists between the time delay (at),
speed of sound (c), and spacing between acoustic pressure sensors
(ae) is developed as:

at = = (A-2)

Continuing with example of the acoustic medium at 800°F; the
spacing between the two acoustic pressure sensors is 42 millimeters.

A complete analysis of acoustic sensor spacing over a temperature
range of 0°F to 1300°F yields the graphical result shown in Figure
A-1.
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APPENDIX B

COMPUTER ACOUSTIC MODELING EFFORT FOR AN
INTERNAL COMBUSTION ENGINE

The development of digital computer acoustic simulation for an
internal combustion engine was deemed necessary to reaffirm certain
experimental results. Formulation of the computer program was developed
about the concept of obtaining the engine acoustic impedance by adding
the resistive and reactive acoustic impedances for several types of
passive systems. The proportions in which these passive system
impedances were added were specified by the proportions in which 100
samples of the acoustic signal were selected during actual experimentation
by the digital signal analyzer. An example would be where experimental
sampling of the acoustic signal was simulated by the computer as a closed
tube termination for 60% of total samples and volume resonator termination
for 40% of total samples.

An important extension was made in the volume resonator simulation
since the volume resonator impedance has a pronounced effect on the total
simulated impedance. Within the 40% sampling by the digital signal
analyzer, the actual cylinder volume is constantly changing. Conse-
quently, at each frequency, 40 computer calculations were completed
using a cyclic series of volume dimensions for the resistive and
reactive impedance simulations and then averaged to gain a net effect
for the changing volume acoustic impedance contribution.

The following methodology was used to determine an appropriate
cyclic volume magnitude and appropriate sequence.

The known information given with the 10 horsepower Briggs and
Stratton engine of application was bore, stroke, and compression ratio.
Knowing the bore and the stroke, it was possible to calculate the total
displacement volume as 28 in3. To find the total available volume
within the engine's combustion chamber, it was necessary to find the

PRV PSRN
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volume when the piston was bottom dead center (VBDC) and the volume

when the piston was tip dead center (VTDC)‘ It is known that:
Compression Ratio = VEQQ (8-1)
T0C
= 6
and
Displacement Volume = VBDC - VTDC
(B-2
= 28 in3

Knowing the compression ratio and the displacement volume, it is
possible to solve both Equations B-1 and B-2, simultaneously yielding:

Voo = 33.6 ind

BDC
and

5.6 in

V1oe

| Assuming the reciprocating motion of the piston can be approximated

ot

as a sinusoidal motion with crankangle position, the graphical

representation of Figure B-1 is obtained. By examing those crank-
angles where the exhaust valve is open, the corresponding volumes
are obtainable as shown in Table B-1.

AN

Included in Figure B-2 is the computer program used to calculate
the simulated engine acoustic impedance. The program is in a Fortran
IV language and format.




ALWAL - TR-B0-4207

TABLE B-1

CYLINDER VOLUME WITH ENGINE CRANKANGLE VARIATION

Crankangle with Respect to
the Thermodynamic Cycle

Corresponding
Volume (in3)

0
30
60
20

120
150
180
210
240
270
300
330
360
390
420
450
480
510
540
570
600
630
660
690
720

5.6
6.5
11.25
18.00
25.00
30.00
33.60
30.00
25.00
18.00
11.25
6.5
5.6
6.5
11.25
18.00
25.00
30.00
33.60
30.00
25.00
18.00
11.25
6.5
5.6
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(Continued)

Figure B-2.

115




AFWAL-TR-80-4203

sFREQ(16+1,1)

OT(FREQ, ZIMAG, NPT, ICHAR, 1, 16)
05) bB' AB, LT, ALPHA, RETA, BI, VI, R!{, CI1, OI, EI, C

i Eoin001.l)
Y=ZIMAG(8041,1)

OT(FREQ, ZIMAG, NPT, ICHAR, 1, 18)
S) LB, AB, LT, ALPHA, RETA, 81, VI, RI, CI1, UI, EIl, C

304
F

OURLL O wew . RoOrw fl RS Orw i VO

(-1

1)
300 265)!ZIMIG(1601.1)
F:gkOT(FREO' ZIMAG, NPT, ICHAR, 1, 16)
(64505) LB, AR, LT, ALPHA, RETA, BI, VI, RI, CI, O1, EI, C
I :):En:otszox. )
301 (261)-zxnnc(32ox.1)
FEPLOT(FREQ, ZIMAG, NPT, ICHAR, 1,.16)
(6¢505) L8, AB, LT, ALPHA, BETA, BI, VI, RI, CI, OI, El, C
1,1 -E&so(4eox.1)
302 (gb )8ZIMAG(48+1,1)
FEPLOT(FREQ, ZIMAG, NPT, ICHAR, 1, 16)
(84305 LB, AB, LT, ALPHA, BETA, BI, VI, RI, CI, OI, El, C
1,1)sFREQ(64¢1,1)
303 (26 Y=ZIMAG(6441,1)
PP
50
6,
1
§
sb
PP
30
s
25

(-1
CIAQZTEUNUNYOZUVAUVNTOZVNOUNNUEVOIUVNMNOEVNTINT

Z=OUVDTP I ~DVOLDFPLmDORN DI T« DOTI T =<DODIIW Tt 0

Figure B-2. (Continued)







